The oranization of the human meallothionein (MT) gene family is more complex than the commonly used mouse and rat models. The human MTs are encoded by a family of genes consisting of 10 functional and 7 nonfunctional MT isoforms. One objective of this study was to determine if the accumulation of MT protein in culue of human proximal tubule (HPI) cells exosed to metals is similar to that expected from the knowledge base obtained from rodent models. To accomplish this objective, HIT cells were exposed to both lethal and sublethal concentrations of Cd2, Zn2*, Cu2+ Ag2t Hg2, and Pb2+ and MT ptein l were determined
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The metallothioneins (MTs) are a family of low molecular weight, cysteine-rich intracellular proteins that bind transition metals, induding Cu2+, Zn2+, Ag2+, Hg2+, and CdP (1) . MTs have been shown in numerous animal and human tissues and derived cell lines to be highly inducible by these metals and by a variety of other chemicals and stimuli (2) . MTs have been proposed to play a role in metal detoxification (Cd2+, Hg2+, Ag+, and Pb2+), in essential metal homeostasis (Zn2+ and Cu2+), and in the protection of cells against damage induced by alkylating agents, oxygen radicals, and ionizing radiation (3) . Of particular importance is the role MTs may play in mediating the adverse effects of the heavy metal pollutant CdP. As summarized by Misra et al. (4) , the particular target site sensitive to the toxic and carcinogenic effects of cadmium often depends on the species, strain, age, or sex of the animal used as a test subject. Furthermore, there is evidence that these differences in susceptibility to the adverse effects of Cd> may be related, at least in part, to the expression patterns of the MTs. Oberdorster et al. (5) (6) (7) (8) and the rat ventral prostate (9,10Q. While the basis for the majority of species-and strain-related differences in Cd2+ carcinogenicity and toxicity remains undefined in animals, the above studies provide evidence suggesting that deficiencies in MT gene expression may also underlie susceptibilities in the human.
Knowledge regarding the regulation of MT gene expression is even more limited in humans than in rodent models. This is partly due to the fact that the organization of the human MT gene family is more complex. In both mice and humans, there are four classes of MT genes, designated MT-1 through 4, based on sequence and charge characteristics. In the mouse, the genes encoding the MT-1 and MT-2 isoforms are both single copy genes and were the only known rodent MT genes prior to 1992. They are located approximately 6 kb apart on mouse chromosome 8, are coordinately regulated, and the proteins are thought to be functionally equivalent (11, 12) . Two additional single-gene members of the MT gene family have recently been identified and designated as MT-3 and MT-4; these are closely linked to, but not coordinately regulated with, the other MT genes on mouse chromosome 8 (13, 14) . The mouse has no known MT pseudogene sequences as determined by Southern analysis. In contrast, the human MTs are encoded by a family of genes consisting of 10 functional (MT-lA, MT-1B, MT-1E, MT-IF, MT-1G, MT-1H, MT-IX, MT-2A, MT-3, MT-4) and 6 nonfunctional MT isoforms (MT-IC, MT-iD, MT-1I, MT-1J, MT-1K, MT-iL) located at 16q13, plus an additional processed pseudogene (MT-2B) located on chromosome 4 (13) (14) (15) (16) .
To address the possible alterations in MT gene regulation in humans, we began an analysis of the metal-induced expression of the MT gene family in cultures of human proximal tubule (HPT) cells. We chose this cell culture system because the kidney, and the proximal tubule in particular, represent an organ and cell type that are critically affected by chronic Cd2+ exposure in both animals and humans (17) (18) (19) (20) (21) . In the present report, the expression of MT protein and MT-2A mRNA is determined as a function of metal exposure and cell toxicity in cultured HPT cells. The MT-2A gene was chosen for initial examination because it appears to be expressed ubiquitously and induced by metals in a wide variety of cells and tissues (22) .
Materials and Methods
Cell culture. Stock cultures of HPT cells were grown in 75-cm2 T-flasks using procedures recently detailed by this laboratory (23) . The growth medium was a serum-free formulation, and the growth surface was treated with a collagen matrix to promote cell attachment and subculture. The cells were fed fresh growth medium every 3 days and were subcultured at confluence (normally 3-6 days post subculture) using trypsin (0.05%)-EDTA (0.02%). For use in experimental protocols, cells were subcultured at a 1:2 ratio, allowed to reach confluence (6 9 pM, a = 0.000; from 27 pM, a = 0.000. Days of exposure 4 7 10 Days of exposure 13 16 Volume 106, Number 9, September 1998 * Environmental Health Perspectives cell protein, respectively. In the isolates (Fig. 3 A,C) 
The expression of MT protein was also increased due to exposure of the HPT cells to Zn2+, although the expression pattern was distinct from that of Cd2P at the lower levels of exposure (Fig. 4A) . In contrast to Cd2+-exposed HPT Zn2+ exposure, where cell death was noted to occur late in the time course, the levels of MT protein were markedly induced, compared to both the lower concentrations and the control. Furthermore, the level of induction was comparable to that noted for HPT cells exposed to Cd2P. The expression of MT protein was also increased due to exposure of the HPT cells to toxic concentrations of Cu2+ (Fig. 4B) . The increase in MT protein accumulation was both dosage dependent and comparable in magnitude to that noted previously for the Cd2+-and Zn2 -exposed cells. Similar to Zn2+ exposed HPT cells, MT protein accumulation was also blunted at the lowest level of Cu2+ exposure when compared to the increase obtained for Cd2+-exposed cells.
In marked contrast to the large induction of MT protein accumulation found for HPT cells exposed to Cd2+, Zn2+, or Cu2+, the expression of MT protein was only marginally increased, if at all, when the HPT cells were exposed to sublethal or lethal concentrations of Ag2+, Hg2+, or Pb2+ (Fig. 4C,D (Fig. 4E) .
Determination of MT-2A mRNA. Accumulation of MT-2A mRNA was determined using an RT-PCR strategy based on the sequence diversity present in the 5' and 3' untranslated regions of the active MT genes (25) . This strategy was chosen over Northern analysis due to the high degree of sequence homology among the active MT genes. This high degree of similarity among the nucleotide sequences of the 10 plete disappearance of the 259-bp reaction product, indicating that the reaction product was composed entirely of the MT-2A sequence and not partially contaminated with a product generated by false priming. The negative control (MT-3 cDNA), which has no sgrAl restriction site, was obtained from a previous study in which RT-PCR primers for MT-3 were shown to yield a legitimate MT-3 cDNA reaction product by a combination of both restriction endonuclease digestion by FokI and direct sequencing (27- (Fig. 6B,C) . The effect of Cd2+ exposure on the expression of MT-2A mRNA was also determined at 30 reaction cycles using 0.1 pg of total RNA from the three independent isolates of HPT cells. A comparative analysis demonstrated that expression of MT-2A mRNA did not appear to increase beyond control levels in any of the three independent isolates of HPT cells regardless of Cd2+ concentration, time of exposure to Cd2P, or whether there was a CPinduced loss of cell viability (Fig. 7) . The failure of metal treatment to elicit a large increase in the accumulation of MT-2A mRNA was also confirmed for HPT cells exposed to Zn2+, Cu2+, Ag2+, Hg2+, and Pb2+ (Fig. 8) . Similar to the case for Cd2P-exposed cells, MT-2A mRNA levels were not increased over control by the other metals regardless of concentration, duration of exposure, or whether a given metal exposure resulted in loss of cell viability.
Because the finding that MT-2A mRNA was not increased in the metaltreated HPT cells was unexpected, a control was sought to validate the RT-PCR procedure. The HepG2 cell line was chosen because exposure to Cd2P and Zn2+ has been shown to result in 10-to 20-fold elevations of MT-2A mRNA (22) . HepG2 cells were grown to confluency and exposed to 9 pM Cd2P or 100 pM Zn2+, and total RNA was isolated following 8 and 24 hr of exposure. The results of this determination, using an input of 0.1 pg total RNA for RT-PCR, clearly demonstrated that both Cd2+ and Zn2+ were effective inducers of MT-2A mRNA expression (Fig. 9) . Control cells demonstrated a reaction product for MT-2A mRNA beginning at 26 reaction cycles. Both the Cd2+-and Zn2+-exposed cells demonstrated MT-2A reaction products beginning at 20 reaction cycles. These findings effectively demonstrate that the RT-PCR method used to determine MT-2A mRNA is valid and can detect an increase in MT-2A mRNA. A similar induction of MT-2A mRNA has also been reported for Hela cells (22) . Hela cell MT-2A induction was also confirmed using the RT-PCR assay for MT-2A mRNA (data not shown).
Discussion
Many of the major features of renal MT protein expression expected from the accumulated knowledge gained from rodent animal models were demonstrated in cultures of HPT cells exposed to various metals. When differences were noted in the induction of MT protein expression between the cultured cells and the rodent animal models, these proved to be areas in which there was a limited database of rodent-based studies. In these instances, the results with cultured cells can be looked upon as extensions of the overall knowledge base of the renal effects of each given metal rather than defining large discrepancies between humans and animal models. A major shared feature of the rodent and human renal systems was clearly demonstrated in the capacity for Cd2+ exposure to induce a large increase in MT protein within the renal proximal tubule. In general, it has been shown in numerous rodent studies that Cd2+ is a potent inducer of the hepatic and renal MT-1 and MT-2 genes, which leads to large increases in MT protein accumulation (1, (28) (29) (30) (36) (37) (38) . This increase occurs particularly in the outer cortex and outer stripe of the outer medulla and is presumably due to increased transcription of the MT genes (3, 9) . In contrast, an increase of this magnitude was not noted for HPT cells exposed to Hg2+ at either lethal or sublethal levels. A lack of induction of MT protein was also noted when the HPT cells were exposed to Ag2+ at both lethal and sublethal concentrations. Even though silver is classified as having minor toxicity, these findings are of interest because the intentional use of silver in medical and dental products increases potential exposure (40 Pb2+ has been reported to induce hepatic but not renal MT in animals (34, (43) (44) (45) (46) (47) (49) . In this study, the pattern of gene expression was determined for the MT-2A, MT-lA, B, E, F, and G genes in three pairs of cell lines in which one member of each pair was resistant to cisplatin. Yang et al. (49) found that MT-2A mRNA was inducible by zinc, that the most highly overexpressed MT isoform in all three cisplatin resistant human carcinoma cell pairs was MT-2A, and that no other isoform was universally overexpressed. This finding was interpreted as being consistent with a role for the MT-2A isoform in mediating cisplatin resistance. To our knowledge, the finding that MT-2A mRNA accumulation was not increased by Cd2+ exposure in HPT cells is the first demonstration that the human MT-2A gene can be refractory to heavy metal treatment. Proof that RT-PCR was specific for mRNA and that increased accumulation could be detected was provided by two procedures. First, an advantage provided by RT-PCR is the ability to recover the reaction product from the agarose gel and to subject this product to further analysis to confirm identity of a given gene. In the present study, this advantage was used to determine that the MT-2A RT-PCR product contained a sgrAl restriction endonuclease cleavage site, a site known from sequencing data to be present only in the MT-2A gene of the human MT family. The demonstration that sgrAl digestion completely cleaved the MT-2A reaction product into appropriate fragments provides a high degree of confidence that the primers developed for MT-2A mRNA and the RT-PCR were specific for the transcription product of the MT-2A gene. Proof that the RT-PCR protocol could detect an increased accumulation of MT-2A mRNA relied on previous studies which demonstrated that the HepG2 cell line, when exposed to either Cd2+ or Zn2+, displayed a 10-to 20-fold accumulation of MT-2A mRNA (22) . Utilizing the HepG2 cell line and exposures to Cd2+ and Zn2+, the RT-PCR protocol that we used demonstrated a large increase in the amount of accumulated MT-2A mRNA for treated versus control cells.
The present study demonstrates strong similarities between the human and rodent renal system in the ability to accumulate MT protein as a result of metal exposure. However, the studies also provide initial evidence that this accumulation of MT protein may be mediated through distinctly different patterns of gene regulation between humans and animals.
